INTRODUCTION
============

According to the estimates provided in the Diabetes Atlas by the International Diabetes Federation (IDF), approximately 415 million people suffer from diabetes worldwide.^[@ref1])^ The increasing number of diabetic patients has raised a number of economic issues and medical challenges, because the disease is associated with various difficult-to-treat complications.^[@ref2]-[@ref5])^ Therefore, the development of effective treatments for these complications is required in order to improve the quality of life of diabetic patients.

Diabetic foot crush, one of the potential diabetes-related complications, develops in approximately 25% of diabetic patients. Skin injuries, associated with the peripheral nervous system dysfunction, are usually observed during the development of this condition, and it is accompanied by the peripheral arterial obstructive disease and delayed wound healing. These patients also show an increase in infectious disease predisposition, due to their impaired immune system.^[@ref6])^ Therapeutic options include the control of blood glucose levels and wound management, but the beneficial effects remain limited.

In recent years, a number of studies aimed at the development of cell therapies for the treatment of various diseases, including diabetic foot ulcer, have been conducted. These include the application and transplantations of platelets, progenitor cells, and various types of stem cells, including somatic stem cells and embryonic stem (ES)/induced pluripotent stem (iPS) cells.^[@ref7])^ However, these cell therapies were shown to induce some serious adverse effects, such as the development of pulmonary infarctions and tumor formation. These risks may be avoided by using cultured cell supernatants, which have been proven to be effective for the treatment of skin wounds.^[@ref8]-[@ref10])^ The results of these studies indicated that exosomes, microvesicles found in the culture media, may play an important role in the healing of skin wounds. Exosome is a microvesicle with a diameter of 50--200 nm, which is exocytosed with the lipid bilayer composed of phospholipids and surface antigens unique to the exosomes.^[@ref11]-[@ref14])^ It was reported that miRNA and proteins found in the exosomes may mediate the therapeutic effects by transmitting genetic and non-genetic information between cells.

To date, the effects of iPS cell-derived exosomes (iPS-Exos) on skin wound healing have not been investigated. In this study, we evaluated the effects of iPS cell-derived exosomes on the migration and proliferation of fibroblasts in culture and skin wound healing using a diabetic mouse model.

MATERIALS AND METHODS
=====================

Preparation of iPS Cell-Derived Exosomes
----------------------------------------

Here, we used iPS cell line (201B7) provided by the RIKEN institute (Saitama, Japan), cultured in Dulbecco's Modified Eagle Medium (DMEM)-F12 supplemented with non-essential amino acids, 200 mM L-glutamine, KnockOut Serum Replacement (KSR), and 0.1 M 2-mercaptethanol. Cells were passaged when the confluency reached 80%, and the conditioned media (CM) were collected 2--3 days before passaging the cells, and used for the experiments. iPS-Exos were purified using MagCapture Exosome Isolation Kit PS (Wako, Osaka, Japan) and stored at --80°C. The iPS cell medium was incubated for the same time and exosomes (M-Exo) recovered by the same procedure were used as controls.

Electron Microscopy
-------------------

Transmission electron microscope (TEM) JEM-1400 (Hitachi High-Technologies Corporation, Tokyo, Japan) was used to examine the morphology of iPS-Exos. Exosomes in 2 μl of phosphate-buffered saline (PBS) were placed on formvar carbon-coated copper electron microscopy grids and incubated for 1 min at 25ºC. The grids were treated with 2% uranyl acetate for 10 s. The grid was allowed to semi-dry at room temperature before TEM imaging.

Flow Cytometry
--------------

The exosomes obtained from 80 ml CM were used for flow cytometry (FCM) analysis as previously described.^[@ref15]-[@ref17])^ Exosomes isolated from the media were used as a control (M-Exos). Purified iPS-Exos were incubated with 10 μl aldehyde/sulfate latex 4-μm-beads (Invitrogen) for 15 min at room temperature, followed by the addition of PBS to a final volume of 400 μl, after which the samples were incubated in a test tube rotator wheel overnight at 4°C. Exosome-coated beads were incubated with 40 μl of 1 M glycine (Wako) for 30 min at room temperature to block any remaining binding sites. After the addition of 600 μl PBS, the beads were microcentrifuged for 3 min at 4000 rpm at room temperature, which was followed by the removal of supernatants. Beads were resuspended in 1 ml PBS/0.5% bovine serum albumin (BSA) and microcentrifuged for 3 min at 4000 rpm at room temperature. After washing the beads twice, we resuspended the beads in 100 μl PBS with 0.5% BSA and incubated 10 μl of the coated beads with 20 μl anti-exosomal protein antibody for 1 h at 4°C. The exosome-coated beads were incubated with phycoerythrin (PE)-conjugated CD63 or CD81 or isotype control antibody and fluorescein-5-isothiocyanate (FITC)-conjugated CD9, HLA-ABC, or HLA-DR, or the isotype control antibody (BD Biosciences Pharmingen) for 30 min at 4°C with gentle agitation. After washing in PBS/0.5% BSA, the samples were resuspended in 500 μl PBS/0.5% BSA and analyzed by FACSCalibur (Becton Dickinson and Company) with FlowJo software (TreeStar, Inc.).

Fibroblasts
-----------

Fibroblasts were isolated from 10-week-old male, pathogen-free, genetically diabetic C57BLKS/J-Leprdb (db/db) mice. db/db mice were obtained from Japan SLC (Hamamatsu, Japan). All animal protocols were approved by the Animal Care and Use Committee of Nagoya University Graduate School of Medicine. Mice were sacrificed, and the trunk skin was isolated by sharp dissection, while special care was taken to remove the underlying adipose tissue. The collected skin tissue was trimmed to 2 × 4 cm, which was followed by the isolation of fibroblasts using the Whole Skin Dissociation Kit (Miltenyi Biotec). The isolated fibroblasts were resuspended in DMEM containing 10% FBS and 1% antibiotic/antimycotic solution (100 μg/ml penicillin and 100 μg/ml streptomycin; Wako), and cultured in the atmosphere with 5% CO~2~ at 37°C. The culture medium was replaced every 2 days. The cells were passaged before reaching confluence.

Scratch Assay
-------------

Scratch assay was performed as previously described.^[@ref18])^ Exosome-stimulated cell migration was investigated using the CellPlayer Cell Migration 96-well assay kit and monitored by the automated Incucyte ZOOM-HD-2CLR (Essen Bioscience, Welwyn Garden City, Hertfordshire, UK). Primary cultured fibroblasts (passage 1) were seeded in an Essen Imagelock 96-well plate at the density of 1 × 10^5^ cells/well and were maintained until reaching confluency. A wound was made in cell monolayer using a 96-well wound-maker tool with PTFE pin tips (Essen Bioscience) according to the manufacturer's instructions. Afterward, the media were removed from the samples, and the cells were washed twice in PBS to remove the dislodged cells. The scratched wells were then divided into one treatment arm (iPS-Exo) and one control arm (M-Exo). The plate was inserted into the Incucyte ZOOM-HD-2CLR and incubated in 5% CO~2~ at 37°C. After 12 h of incubation, 0, 10, 50, 100, or 200 μg/ml of exosomes were added to the wells, images were captured at 1 h intervals, and data were analyzed by using the IncuCyte software (Essen Bioscience). Relative wound density (RWD), which measures the relative cell density in the wounded and non-wounded areas at each time point, was used to assess the rate of cell migration.

Proliferative Assay
-------------------

The effects of iPS-Exo on the proliferation of fibroblasts were evaluated using the CellPlayer Cell Migration 96-well assay kit and Incucyte ZOOM-HD-2CLR. Fibroblasts were seeded at 4 × 10^3^ cells/well in 96-microwell plate (Nunc). After 12 h of incubation, 100 μg/ml of exosomes were added to the wells, high-density phase-contrast images were acquired at 1-h intervals, and data were analyzed using the IncuCyte software tool.

Mouse Diabetic Model
--------------------

Nine-week-old adult male, pathogen-free, genetically diabetic C57BLKS/J-Leprdb (db/db) mice, weighing 41.0--45.5 g, were obtained from Japan SLC. After 1 week of acclimatization, the animals were individually housed in animal care facility maintained at 24°C in 30% humidity with a 12-h light-dark cycle. Water and standard rodent laboratory chow were available *ad libitum*. All animal experiments were performed in accordance with the Guide for Animal Experimentation of Nagoya University School of Medicine.

Wound-Healing Mouse Model
-------------------------

The excisional wound-splinting model was generated as described previously.^[@ref19])^ Briefly, the animals were anesthetized, shaved, and two 8-mm full-thickness excisional skin wounds were created on each side of the midline. A donut-shaped silicone splint (Shinoda Gomu Co Ltd, Tokyo, Japan) was placed and affixed so that the wound was centered within the splint, and interrupted 5--0 nylon sutures (Alfresa Pharma Corp., Osaka, Japan) were made to stabilize its position ([Fig. 1](#fig1){ref-type="fig"}). Mice were randomly assigned to three different treatment groups, which were subcutaneously injected at wound sites with PBS, M-Exo, or iPS-Exo. The exosomes (4 µg/20 µl PBS) were injected into four sites around the wounds and the wound beds in the respective groups ([Fig. 2](#fig2){ref-type="fig"}). Tegaderm (3M, MN, USA) was used for to cover the wounds.

![Animal model\
Excisional wounds were created bilaterally in the dorsal skin of diabetic mice, and silicone splint was placed and affixed. The stents prevented wound contraction.](2186-3326-80-0141-g001){#fig1}

![Topical application of induced pluripotent stem cell-derived exosomes (iPS-Exos) to the wound beds\
The wounds made in the dorsal skin areas were treated with phosphate buffered saline (PBS; untreated group), M-Exo (control group), or iPS-Exo (experimental group). iPS-Exo, M-Exo and PBS were injected at four sites into the subcutaneous layer around the wound.](2186-3326-80-0141-g002){#fig2}

Wound Closure Analysis
----------------------

On day 0, 1, 3, 5, 7, 10, 14, 18, 21, and 28 after making the wound, images of 10 independent fields of each wound were obtained using a digital camera of 12.9 megapixels (Canon Inc, Tokyo, Japan). Wound area was measured using the public domain software ImageJ ver.1.47 (NIH, MD, USA). Wound closure percentage was calculated as follows:

Wound area (%) = AW/IW × 100 (IW, initial wound area; AW, wound area at each time point)

Histological Analysis
---------------------

For histological analyses, skin samples excised from the wound sites were fixed in 4% paraformaldehyde, embedded in paraffin, and 4-μm thick sections were prepared, followed by hematoxylin and eosin (H&E) staining for histological observation.

Immunofluorescence Analysis
---------------------------

To examine angiogenesis induced by the exosomes in the wounded skin, the expression of CD31 and α-smooth muscle actin (SMA) was examined by immunofluorescence staining. Tissue sections were blocked in 10% donkey serum for 30 min at room temperature and incubated with rat anti-mouse CD31 (1:50; Dianova, Hamburg, Germany) and rabbit anti-α-SMA (1:500; Abcam, Cambridge, UK) antibodies overnight at 4°C. Tissue sections were stained with secondary Alexa-Fluor 594-conjugated donkey anti-rat (1:250; Thermo Fisher Scientific, Yokohama, Japan) and Alexa-Fluor 488-conjugated donkey anti-rabbit antibodies (1:250; Thermo Fisher Scientific), followed by counterstaining with 6-diamidino-2-phenylindole (DAPI). Images were acquired with Olympus VS120 microscope. The newly-formed vessels were identified by CD31 staining, whereas mature vessels were identified as CD31 and α-SMA double-positive vascular structures. The number of newly-formed vessels and mature vessels was determined in three random fields per each section using the ImageJ software. To identify neurofilaments, we stained the sections with polyclonal rabbit NF200 antibody (1:500; Abcam). Using BIOREVO VS120 fluorescence microscope (Olympus, Tokyo, Japan), we quantified NF200-positive neurofilaments in each wound area, in order to determine nerve density (number of neurofilaments/mm^2^). In all experiments, a blinded investigator recorded the findings.

Statistical Analysis
--------------------

The obtained results were expressed as mean ± standard error of mean (SEM) and analyzed using one-way analysis of variance (ANOVA). Statistical significance was determined using GraphPad Prism software, version 5.0 (GraphPad Software, CA, USA) and P values \< 0.05 were considered statistically significant. Comparisons of results obtained in proliferative assay between the groups was performed using Student's *t*-test. Statistical analyses were performed using the JMP statistical package, version 10.0.2 (SAS Institute, NC, USA) and P values \< 0.05 were considered statistically significant.

RESULTS
=======

Characterization of iPS-Exos
----------------------------

TEM analyses of iPS-Exos demonstrated that these vesicles have spheroidal morphology and approximately 100-nm diameter ([Fig. 3](#fig3){ref-type="fig"}), similar to the previously described exosomes.^[@ref20]-[@ref22])^ FCM analysis demonstrated that these vesicles express exosomal markers, such as CD9, CD63, and CD81. No apparent expression of HLA-ABC and HLA-DR was observed in iPS-Exos ([Fig. 4](#fig4){ref-type="fig"}).

![Electron micrographs of induced pluripotent stem cell exosomes (iPS-Exos)\
Representative images of vesicles with approximately 100-nm diameters in iPS-Exos samples, which were not observed in M-Exos (control group) samples. Scale bars, 200 nm.](2186-3326-80-0141-g003){#fig3}

![Surface antigen expression on the isolated exosomes\
Representative analysis showing surface expression of CD9, CD63, CD81, HLA-ABC, and HLA-DR in the induced pluripotent stem cell-derived exosomes (iPS-Exo) (A) and control sample exosomes (M-Exo) (B) coupled to aldehyde-sulfate latex beads. FITC-conjugated isotype controls and PE-conjugated isotype controls are included for comparison.](2186-3326-80-0141-g004){#fig4}

iPS-Exos May Help Promote the Migration of Fibroblasts Isolated from Diabetic Mice in Vitro
-------------------------------------------------------------------------------------------

We analyzed iPS-Exo effects on the migration of primary cultured fibroblasts isolated from diabetic mice ([Figs. 5A-5C](#fig5){ref-type="fig"}). Compared with that of the control cells (M-Exo stimulation), fibroblasts stimulated by iPS-Exos (100 μg/ml) showed 1.06- and 1.10-fold faster migration into the scratched areas at 12 and 24 h, respectively, after making the wound, although these differences were not statistically significant. Migration rates of diabetic mouse fibroblasts into scratched areas after 24-h incubation with 10, 50, 100, or 200 μg/ml iPS-Exo increased with the concentration, up to 200 μg/ml iPS-Exo concentration, where a decrease in migration rate was observed ([Fig. 5B](#fig5){ref-type="fig"}). In [Figure 5C](#fig5){ref-type="fig"}, the time course of migration of cells treated with 100 μg/ml iPS-Exo is presented. Compared with that of the control cells (M-Exo stimulation), fibroblasts stimulated by iPS-Exos (100 μg/ml) showed faster migration into the scratched areas at 24 h after making the wound. These differences were statistically significant ([Fig. 5](#fig5){ref-type="fig"}).

![Scratch assay results\
(A) Effect of induced pluripotent stem cell-derived exosomes (iPS-Exos) on cell migration of diabetic mouse fibroblasts. Representative phase contrast images of cells migrating into wounded area at 0, 12, and 24 h in an *in vitro* scratch assay are presented. Bars, 300 μm.\
(B) Migration rates of diabetic mouse fibroblasts into scratched areas after 24-h incubation with 10, 50, 100, or 200 μg/ml iPS-Exo.\
(C) Cell migration time course. Cell migration was quantified using relative would density (RWD). Error bars represent standard deviations (SD).](2186-3326-80-0141-g005){#fig5}

iPS-Exos Tend to Promote the Proliferation of Fibroblasts Isolated from Diabetic Mice in Vitro
----------------------------------------------------------------------------------------------

Compared with that of the control, fibroblasts stimulated by iPS-Exos exhibited 1.02- and 1.09-fold increase in the proliferation rate at 48 and 72 h, respectively, following the making of wounds, but these differences were not statistically significant ([Fig. 6](#fig6){ref-type="fig"}). In [Fig. 6](#fig6){ref-type="fig"}, only the result of 48 hours is shown.

![Proliferation assay results\
Effect of induced pluripotent stem cell-derived exosomes (iPS-Exos) on the proliferation of diabetic mouse fibroblasts. Proliferation rates of diabetic mouse fibroblasts treated with 100 μg/ml iPS-Exo for 48 h. Error bars, standard deviations (SD).](2186-3326-80-0141-g006){#fig6}

iPS-Exos Promote Cutaneous Wound Healing in Diabetic Mice
---------------------------------------------------------

After making two wound sites in the dorsal skin of diabetic mice, we treated the wounds by PBS (untreated group), M-Exo (control group), or iPS-Exo (experimental group), and evaluated would healing rates ([Fig. 7](#fig7){ref-type="fig"}). The size of wounds treated with PBS relative to their initial size was 52.4 ± 18.8, 30.9 ± 16.3, 11.2 ± 3.4, 2.0 ± 2.5, and 0.3 ± 0.6% at day 7, 10, 14, 18, and 21, respectively. The size of wounds treated with M-Exo relative to their initial size was 41.0 ± 4.5, 31.2 ± 6.0, 14.1 ± 7.8, 1.9 ± 4.1, and 0.3 ± 0.6% at day 7, 10, 14, 18, and 21, respectively. The size of wounds treated with iPS-Exos relative to their initial size was 22.3 ± 1.9, 15.1 ± 7.8, 10.3 ± 10.3, 0.1 ± 0.1, and 0.0 ± 0.0% at day 7, 10, 14, 18, and 21, respectively. Therefore, wound closure was shown to be induced in mice treated with iPS-Exos compared with that in the control and untreated groups at day 7 and 10 after inducing the wounds ([Figs. 7A--7C](#fig7){ref-type="fig"}). In iPS-Exo, M-Exo, and PBS-treated groups, complete wound closure was shown to occur after 19.0 ± 3. 6, 18.5 ± 3.3, and 18.7 ± 2.4 days, respectively, but no statistically significant differences were observed ([Fig. 7B](#fig7){ref-type="fig"}). At day 28 after inducing the wounds, the wound in the untreated group was shown to shrink and heal, whereas in the iPS-Exos group the epithelium is clearly stuck ([Fig. 7D](#fig7){ref-type="fig"}).

![Wound closure in db/db mice\
(A) Representative images of wounds treated with phosphate-buffered saline (PBS), control exosomes (M-Exos), or induced pluripotent stem cell-derived exosomes (iPS-Exos) at day 0, 1, 3, 5, 7, 10, 14, 18, 21, and 28.\
(B) Quantification of PBS, M-Exo, or iPS-Exo treatment effects at day 0, 1, 3, 5, 7, 10, 14, 18, 21, and 28. \*P \< 0.05, until day 7.\
(C) The rates of wound healing following different treatments. P \< 0.05, compared with the controls.\
(D) Representative images of wound healing in the PBS, M-Exos, and iPS-Exos group.](2186-3326-80-0141-g007){#fig7}

iPS-Exos Promote Angiogenesis in the Wounded Skin
-------------------------------------------------

Vascularization of newly formed tissues is an essential step in the wound-healing process. Newly formed vessels at wound sites were examined by CD31 and α-SMA double staining, and average vessel densities were determined ([Fig. 8](#fig8){ref-type="fig"}). The obtained data showed that the number of newly formed vessels increased during the healing process in all groups. The vessel density in iPS-Exo-treated group at day 7 was shown to be significantly higher than that in M-Exo- and PBS-treated groups.

![Immunofluorescence analyses of vessel formation\
(A) Blood vessel numbers were determined in two areas at wound edges and three areas near the center of wounds.\
(B) Representative hematoxylin & eosin staining images.\
(C) Representative CD31 and α-SMA co-staining images, showing newly-formed vessels at wound sites.\
(D) Quantification of average vessel density in each group. \* P \< 0.05.](2186-3326-80-0141-g008){#fig8}

iPS-Exo Effects on the Regeneration of Peripheral Nerve Fibers
--------------------------------------------------------------

Finally, newly formed nerve fibers at wound sites were visualized and quantified by staining for neurofilament heavy polypeptide ([Fig. 9](#fig9){ref-type="fig"}). Nerve densities determined in iPS-Exo-, M-Exo-, and PBS-treated wounds at day 28 were 779.8 ± 577.5, 491.6 ± 301.3, and 233.4 ± 162.5, respectively. No statistically significant difference (P = 0.291) was observed in nerve densities between iPS-Exo- and M-Exo-treated groups, but the nerve density in iPS-Exo-treated groups was shown to be higher than that in M-Exo-treated groups.

![Immunofluorescence analyses of neurofilaments\
(A) The number of neurofilament heavy polypeptide-positive cells determined in two areas at the wound edge and in three areas near the wound center.\
(B) Quantification of neurofilament heavy polypeptide expression. \* P \< 0.05.](2186-3326-80-0141-g009){#fig9}

DISCUSSION
==========

Previously, the potential effects of exosomes derived from mesenchymal stem cells on wound healing were studied *in vivo*.^[@ref23])^ The *in vivo* roles of iPS-Exos, however, have not been studied extensively. Here, we demonstrated for the first time that iPS-Exos can induce wound healing in diabetic mice. Excisional wounds in diabetic mice have been reported to show significant delay in wound closure and decrease in wound bed vascularity, compared with those in the healthy mice.^[@ref24])^ The results of our study showed that iPS-Exos promote wound healing in diabetic mice, suggesting the potential of iPS-Exos for the treatment of skin diseases developing in diabetic patients. Our *in vitro* experiments demonstrated that iPS-Exos tend to induce the migratory and proliferative capacity of diabetic mouse skin fibroblasts, suggesting that iPS-Exos exert their effects directly on the cells. Scratch assay results demonstrated that iPS-Exos induce concentration-dependent increase in the migratory potential of mouse fibroblasts, up to the concentration of 200 μg/ml iPS-Exos. This may be explained by an increase in the viscosity of the sample due to the increased concentrations of exosomes, which prevented accurate sampling. Although we did not elucidate the mechanisms of iPS-Exo-induced migration and proliferation, it is possible that cytokines or chemokines in iPS-Exos alter fibroblast phenotype. Further experiments will be needed to determine the mechanisms underlying the observed effects.

One limitation of our study was that we used M-Exo, which was prepared using only medium, as a control in all the experiments. Considering the iPS cell culturing method, involving feeder cells, the total iPS-Exos most likely involved the exosomes derived from the feeder cells as well. Future studies should attempt to discriminate the effect of iPS-derived exosomes and feeder cell-derived ones. One intriguing hypothesis is that the intercommunication between iPS cells and feeder cells through soluble factors or physical interaction leads to the production of iPS-Exo that has beneficial effects on would closure.

Murine excisional wound models have been described in many previous studies. Although animal strain, age, sex, and excisional wound size varied between these studies, the median time required for wound closure ranged from 14 to 28 days. Our *in vivo* experiments demonstrated that the early healing of wounds treated with iPS-Exos is faster than that in the control group, further indicating the potential of iPS-Exos for the development of therapeutics for the treatment of skin diseases in diabetic patients. One potential strategy that should be further examined is the continuous administration of iPS-Exos through an infusion pump. No differences in the closing times of the wound were observed compared with those in the PBS-treated group, but iPS-Exos induced the healing of epithelium, in contrast to healing by shrinkage observed in the PBS group, confirming the potential of iPS-Exos in the treatment of skin diseases in diabetic patients.

Furthermore, we demonstrated here that iPS-Exo treatment induces the increase in the density of blood vessels on day 7 after the wounding and the increase in the density of nerve fibers on day 28 after the wounding, suggesting that these vesicles may promote the regeneration of the peripheral nervous system. Although it remains unclear whether iPS-Exos directly affect endothelial and nerve cells, the obtained data further support the potential use of iPS-Exos for skin disease treatments in diabetic patients. Additionally, iPS-Exos showed no apparent expression of HLA-ABC and -DR, suggesting the immune tolerance of these cells, and it is possible that allogeneic iPS cells may be used for future treatments.
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